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Iron regulatory proteins (IRPs) orchestrate the post-
transcriptional regulation of critical iron metabolism
proteins at the cellular level. Redundancy between
IRP1 and IRP2 associated with embryonic lethality
of doubly IRP-deficient mice has precluded the study
of IRP function in vivo. Here we use Cre/Lox tech-
nology to generate viable organisms lacking IRP ex-
pression in a single tissue, the intestine. Mice lacking
intestinal IRP expression develop intestinal malab-
sorption and dehydration postnatally and die within
4 weeks of birth. We demonstrate that IRPs con-
trol the expression of divalent metal transporter 1
(DMT1) mRNA and protein, a limiting intestinal iron
importer. IRPs are also shown to be critically impor-
tant to secure physiological levels of the basolateral
iron exporter ferroportin. IRPs are thus essential for
intestinal function and organismal survival and coor-
dinate the synthesis of key iron metabolism proteins
in the duodenum.
INTRODUCTION
Mechanisms to maintain cellular and organismal iron homeosta-
sis ensure adequate iron supply and prevent toxic iron accumu-
lation (Hentze et al., 2004; Andrews and Schmidt, 2007). At the
systemic level, the ‘‘iron hormone’’ hepcidin (HAMP) negatively
regulates blood iron levels by triggering the degradation of the
iron exporter ferroportin/SLC40A1 (Nemeth et al., 2004; Nemeth
and Ganz, 2006; Fleming, 2005). At the cellular level, in vitro and
cell culture studies over the past two decades have revealed
a central role of the RNA-binding proteins IRP1 and IRP2 (also
named ACO1 and IREB2, respectively) in controlling the expres-
sion of critical iron metabolism proteins via cis-regulatory RNA
motifs called iron-responsive elements (IREs) (Wallander et al.,
2006). Independently, either of the two IRPs inhibits translation
when bound to the IRE located within the 50 untranslated region
(UTR) of the ferritin H and L chain, the mitochondrial aconitase
(ACO2), the erythroid 5-aminolevulinate synthase (Wallander
et al., 2006), and the hypoxia-inducible factor 2a (HIF2a/
EPAS1) (Sanchez et al., 2007) mRNAs, whereas their binding
to the multiple IRE motifs within the 30UTR of the transferrinreceptor 1 (TFR1) mRNA prevents its degradation (Wallander
et al., 2006). A single IRE motif has also been found in the
30UTR of the divalent metal transporter 1 (DMT1/SLC11A2/
NRAMP2) mRNA (Gunshin et al., 1997), but its physiological
role, if any, is still unclear. Like ferritin, the ferroportin (FPN)
mRNA has an IRE in its 50UTR (McKie et al., 2000; Abboud and
Haile, 2000), potentially placing this essential iron exporter under
the control of the IRP/IRE regulatory network (Abboud and Haile,
2000). However, the physiological importance of the FPN IRE
has not yet been explored in vivo.
Although IRP1 and IRP2 share 57% identity at the amino acid
level, the mechanisms by which their IRE-binding activity is reg-
ulated are distinct (Hentze et al., 2004), raising the question of
whether the two proteins have distinct functions. Recently,
mouse models of IRP deficiency have been generated to study
the separate in vivo functions of IRP1 and IRP2 (LaVaute et al.,
2001; Meyron-Holtz et al., 2004a; Galy et al., 2004, 2005a,
2005b; Cooperman et al., 2005). Mice lacking IRP1 expression
are aphenotypic under laboratory conditions. IRP2-deficient
mice are viable, fertile, and reach normal senescence, although
IRP2 appears to be required for normal erythropoiesis and
body iron distribution (Cooperman et al., 2005; Galy et al.,
2005a, 2005b). Attempts to generate animals lacking both IRPs
have failed due to embryonic lethality (Smith et al., 2006). The rel-
atively mild phenotype of mice lacking either IRP1 or IRP2 shows
that the two IRPs are genetically largely redundant, in spite of
a reported dominant role of IRP2 in cultured cells (Meyron-Holtz
et al., 2004b).
To investigate the function of the IRP/IRE regulatory network
in vivo and to bypass the limitations imposed by both the embry-
onic lethality and the apparent functional redundancy, we ab-
lated IRP1 and IRP2 simultaneously in a tissue-specific manner
using Cre/Lox technology (Nagy, 2000). We inactivated the
Aco1 and Ireb2 genes in intestinal epithelial cells (IECs) because
(1) the duodenum plays a crucial role in systemic iron homeosta-
sis (Roy and Enns, 2000; Hentze et al., 2004; Frazer and Ander-
son, 2005; Andrews and Schmidt, 2007); (2) the duodenal iron
transport molecules DMT1 and FPN are both encoded by
IRE-containing mRNAs (Gunshin et al., 1997; McKie et al.,
2000; Abboud and Haile, 2000), and the functional importance
of these IRE motifs remains to be determined; (3) both IRP1
and IRP2 are expressed in crypt and villus enterocytes, where
they have been implicated in sensing the body’s iron needs
(Schu¨mann et al., 1999); and (4) intestinal IRPs are not expected
to be required before birth. Our data provide a detailed analysis
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Function of the IRP/IRE System in the DuodenumFigure 1. Double Deletion of IRP1 and IRP2 in Murine
Intestinal Epithelial Cells
(A and B) Mice lacking intestinal IRP expression (indicated with
a red arrow) 7 days (A) and 15 days (B) postpartum (p.p.). An
Aco1flox/flox, Ireb2flox/flox littermate lacking Cre recombinase
expression is shown as a control.
(C) Kaplan-Meyer survival curves showing preweaning lethal-
ity of Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice (Villin::Cre, red
curve) compared to Aco1flox/flox, Ireb2flox/flox mice lacking the
Villin::Cre transgene (control, black curve).
(D) Body weight of Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice
and Aco1flox/flox, Ireb2flox/flox littermates at 2 weeks of age.
(E) The efficiency of IRP1 and IRP2 ablation in intestinal epithe-
lial cells (IECs) of 2-week-old Aco1flox/flox, Ireb2flox/flox, Villin::
Cre mice was assessed by western blot analysis of duodenal
scrapings. b-actin was used as a loading control.
(F) The tissue specificity of Cre-mediated recombination
in whole tissues from 2-week-old Aco1flox/flox, Ireb2flox/flox,
Villin::Cre mice was analyzed by Southern blotting. The floxed
(flx) and truncated (D) Aco1 and Ireb2 alleles (top panel and
bottom panel, respectively) are indicated. The remaining
floxed alleles likely reflect the contribution of nonepithelial
cells (see also Figure S1).
transgene (Aco1 flox/flox, Ireb2flox/flox, Villin::Cre) at
nearly Mendelian ratios (see Table S1 in the Sup-
plemental Data available with this article online).
At birth, these mice were macroscopically
indistinguishable from control littermates lacking
the Villin::Cre transgene (Aco1flox/flox, Ireb2flox/flox).
However, they displayed a growth defect as early
as 7 days postpartum (p.p.) (Figure 1A), and growth
retardation was severe at 2 weeks of age
(Figure 1B), with most animals dying before wean-
ing (Figure 1C). About one-fifth of the 2-week-old
Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice reached
nearly normal size (Figure 1D) and adulthood
(Figure 1C). Analysis of the duodenal IRP1 and
IRP2 mRNA expression in this subset of animals re-
vealed an incomplete recombination of the Aco1
and Ireb2 alleles (Figure S1); the enterocytes of
these mice were not completely IRP deficient,
and hence these animals were excluded from
further analysis. Mice with marked macroscopicof target gene regulation by IRPs in vivo and show that IRPs are
essential for the physiological regulation of the critical proteins of
duodenal iron import, storage, and export.
RESULTS AND DISCUSSION
Combined Ablation of IRP1 and IRP2 in Intestinal
Epithelial Cells
Mice homozygous for floxed Aco1 and Ireb2 alleles (Aco1flox/flox,
Ireb2flox/flox) (Galy et al., 2005b) were bred to a transgenic line ex-
pressing Cre recombinase under the control of the murine Villin
promoter selectively in the intestinal epithelium (Madison et al.,
2002), including the proximal part of the duodenum that consti-
tutes the main site of dietary iron uptake. This strategy allowed
us to obtain Aco1flox/flox, Ireb2flox/flox pups carrying the Villin::Cre
80 Cell Metabolism 7, 79–85, January 2008 ª2008 Elsevier Inc.abnormalities displayed efficient ablation of both
IRP1 and IRP2 in IECs in western blot analyses of duodenal
scrapings (Figure 1E). Importantly, recombination of the Aco1
and Ireb2 alleles was detected exclusively in the intestine as
assessed by Southern blotting (Figure 1F), suggesting that the
phenotype is not caused by unexpected Cre recombination in
other tissues. Mice completely lacking intestinal IRP expression
(Figure 1E; Figure S1) were analyzed 15 days p.p., when intes-
tinal morphogenesis is approaching completion (Gordon and
Hermiston, 1994).
Severe Abnormalities and Eventual Lethality of Mice
Lacking Intestinal IRP Expression
At 2 weeks of age, Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice
weighed on average only half as much as their control littermates
(Figure 1D), in spite of an apparently normal food intake as
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Function of the IRP/IRE System in the DuodenumFigure 2. Histological and Ultrastructural Abnormalities in the
Duodenum of Mice Lacking Intestinal IRP Expression
Histological and electron microscopy analyses of duodenal samples from
2-week-old Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice (B, D, F, H, J, L, and N)
versus control littermates (A, C, E, G, I, K, and M).
(A–H) Histological analyses.
(A–D) Hematoxylin and eosin staining reveals extended villi in Aco1flox/flox,
Ireb2flox/flox, Villin::Cre mice (B). Some villi display marked vacuolization at
higher magnification (indicated by arrow in [D]).
(E and F) Ki67 staining shows proper localization of proliferative cells in the
crypt compartment of mice lacking intestinal IRP expression (hemalaun coun-
terstain).judged by their stomach content. Although active, these mice
seemed weak and had scarce fur. They suffered from diarrhea
and showed signs of dehydration with wrinkled skin (Figures 1A
and 1B). Blood plasma analysis showed decreased sodium and
chloride concentration and increased urea levels, typical of
dehydration (Table S2). Blood profiles (Table S2) interestingly re-
vealed no signs of systemic iron deficiency, and serum hemoglo-
bin values were even mildly increased. Red blood cells (RBCs)
were macrocytic (possibly due to folate and/or vitamin B12 mal-
absorption), but RBC counts were only slightly reduced. White
blood cell counts showed neutrophilia and monocytosis.
Histologically, duodenal crypt/villus units were distinguish-
able, but the villi were extended and appeared less organized
in comparison to controls (Figures 2A and 2B). Some villi dis-
played vacuolization (Figures 2C and 2D). While Ki67-labeled
proliferating cells were adequately restricted to the crypt com-
partment (Figures 2E and 2F), terminal transferase dUTP nick-
end labeling (TUNEL) staining revealed increased cell death,
mainly in the crypts (Figures 2G and 2H). Ultrastructurally, the
electron-translucent fat vacuoles present at the base of absorp-
tive enterocytes in wild-type mice (Figure 2I) were larger and
reached the upper part of the cell in Aco1flox/flox, Ireb2flox/flox,
Villin::Cre mice (Figure 2J), possibly reflecting a defect in fat
metabolism in IRP-deficient IECs. Interestingly, IECs lacking
IRP expression exhibited mitochondriopathy, with mitochondria
containing numerous round, electron-dense deposits (Figures
2K–2N) and disfigured structure of the cristae (Figures 2M and
2N). Nonetheless, the tight junctions and the microvilli appeared
to be intact in IRP-deficient enterocytes (Figure 2L). In summary,
mice lacking IRP expression in IECs suffer from intestinal mal-
absorption associated with altered villus architecture and mito-
chondriopathy in the duodenum. These animals die before
weaning, probably as a consequence of dehydration. Thus,
IRPs are essential for intestinal function and organismal survival.
The IRP/IRE System Controls Duodenal Iron Import,
Export, and Storage
The complete lack of detectable IRP expression in duodenal en-
terocytes allowed us to study the function of the IRP/IRE regula-
tory network regarding its established and putative targets
invivo. Weanalyzed theexpressionof IRP targetmRNAs induode-
nal scrapings from Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice ver-
sus control littermates, at both the protein and the mRNA level
(Figure 3). TFR1 and the ferritin H and L chain mRNAs represent
(G and H) TUNEL staining reveals increased cell death in the crypts of mice
lacking intestinal IRP expression (dark brown cells in [H], hemalaun counter-
stain). Original magnification: 103 (A and B), 203 (E and F), 403 (C, D, G,
and H).
(I–N) Electron microscopy pictures of the duodenum.
(I and J) Low-magnification images showing mislocalized and abnormally large
fat droplets (indicated by red arrows), normally present at the enterocyte base
as shown in (I), in mice lacking intestinal IRP expression (J).
(K and L) At higher magnification, mitochondria containing numerous electron-
dense deposits are visible in IRP-deficient enterocytes (L).
(M and N) High-magnification images showing degeneration of cristae in mito-
chondria accumulating electron-dense deposits (N); tight junctions and micro-
villi are intact (see [L]). Scale bars: (I) and (J), 10 mm; (K) and (L), 2 mm; (M) and
(N), 500 nm.Cell Metabolism 7, 79–85, January 2008 ª2008 Elsevier Inc. 81
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negatively regulated by the IRPs (Hentze et al., 2004; Wallander
et al., 2006). TFR1, which mediates the basolateral uptake of cir-
culating iron (Roy and Enns, 2000), is similarly (5-fold) reduced
in IRP deficiency at both the mRNA and protein level (Figure 3A),
as predicted for the lack of effectors that protect the TFR1 mRNA
against degradation. Both ferritin H and L chain protein levels are
profoundly increased in IECs lacking IRP expression compared
to the controls, where ferritin expression is below the detection
limit (Figure 3B). This dramatic difference in protein expression
is not accompanied by commensurate changes in mRNA levels
(40% decrease and 50% increase, respectively, for ferritin H and
L chain mRNAs), likely reflecting translational derepression as a
direct consequence of IRP ablation. Interestingly, ACO2 expres-
sion is only about 1.6-fold increased (Figure S2), supporting the
notion that the IRPs exert quantitatively differential regulatory ef-
fects on ferritin and ACO2 translation (Schalinske et al., 1998).
In the duodenum, four DMT1 isoforms that differ in their N and
C termini are generated by a combination of alternative splicing
as well as promoter and polyadenylation site usage (Hubert and
Hentze, 2002). The variants that differ by the absence (noIRE
form) or the presence (IRE form) of the single IRE motif in the
30UTR are of particular interest. The in vivo function of the
DMT1 IRE motif, if any, has remained enigmatic. In control
mice, the IRE isoforms represent the predominant DMT1 tran-
scripts as assessed by RNase protection assay (Figure 3C). Us-
ing a pan-DMT1 antibody, we observed an 4-fold decrease in
DMT1 protein levels (Figure 3C) and residual, confined DMT1
expression in some villi as assessed by tissue immunostaining
(Figures S3A and S3B). Remarkably, IRP deficiency reduced
the mRNA expression of the DMT1-IRE forms to less than half
of control levels (Figure 3C). Although transcriptional regulation
could contribute to this reduction, the selective downregulation
of the IRE-containing DMT1 mRNA isoforms in the context of
slightly increased noIRE transcripts that are generated from
Figure 3. Expression of IRP Target Genes in Duodenal Scrapings
from Two-Week-Old Mice Lacking Intestinal IRP Expression
Representative protein and mRNA blots from three Aco1flox/flox, Ireb2flox/flox,
Villin::Cre mice versus three Aco1flox/flox, Ireb2flox/flox littermates are shown.
The histograms at the bottom of each panel reflect quantifications of protein
and mRNA levels from a larger number of animals as indicated (n) after calibra-
tion to b-actin; data are presented as percentage of control (mean ± SD). For
all analyses, b-actin was used as a loading control. p values were determined
by Student’s t test.
(A) TFR1 expression was studied by western blotting (top) and RNase protec-
tion assay (middle).
(B) Ferritin H and L chain expression (indicated by Ft-H and Ft-L, respectively)
was analyzed by western blotting (top) and RNase protection assay (middle).
The histogram (bottom) shows the quantification of mRNA levels only because
basal ferritin protein expression was below the detection limit in control sam-
ples.
(C) DMT1 protein levels were analyzed by western blotting using a pan-DMT1
antibody that recognizes all DMT1 isoforms (top). Expression of the 30UTR
DMT1 mRNA variants (noIRE- versus IRE-containing isoforms) was measured
by RNase protection assay (middle). Due to the saturation of the DMT1-IRE
signal in the long exposure, a shorter exposure in which the noIRE isoforms
are not yet visible is also shown.
(D) Ferroportin (FPN) expression was assayed by western blotting (top) and
northern blotting (middle).
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on DMT1-IRE mRNA expression analogous to TFR1, i.e., by in-
creasing mRNA stability. The lack of an adequate cellular model
has so far precluded analyses aimed at defining the exact mech-
anism of regulation of the IRE-containing DMT1 mRNA isoforms.
Since total DMT1 mRNA levels are decreased by only 2-fold
while the corresponding protein levels are reproducibly reduced
4-fold in our mice lacking intestinal IRP expression, the IRPs
may augment DMT1 synthesis by additional mechanisms. IRP-
mediated increases of duodenal DMT1 expression could help
to augment apical iron uptake in situations where enterocytic
iron levels are too low to sustain adequate iron export into the
bloodstream (Frazer and Anderson, 2005).
We were particularly interested in analyzing the expression of
FPN, the critical basolateral iron exporter (Donovan et al., 2005)
known to be regulated by hepcidin. In IRP-deficient mice, FPN
protein levels were drastically increased in spite of normal
mRNA levels (Figure 3D; Figures S3C and S3E) and increased
expression of the negative effector hepcidin 1 (Figure 4). While
the hepcidin-dependent regulation of FPN is well appreciated
and known to be disturbed in all forms of hereditary hemo-
chromatosis (Nemeth et al., 2004; Nemeth and Ganz, 2006; Pie-
trangelo, 2006), our data reveal that IRP-mediated translational
control is absolutely required to secure physiological FPN ex-
pression in the duodenum.
The increased hepcidin expression in Aco1flox/flox, Ireb2flox/flox,
Villin::Cre mice cannot be attributed to an increase in transferrin
Figure 4. Hepcidin 1mRNAExpression in the Liver of Two-Week-Old
Mice Lacking Intestinal IRP Expression
Hepcidin 1 mRNA levels in the liver of Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice
(+ Cre) versus Aco1flox/flox, Ireb2flox/flox littermates (control) were assayed by
qPCR. Data are presented as a percentage of control after calibration to
b-actin mRNA levels. Hepcidin 2 mRNA levels are not presented because
only hepcidin 1 expression is relevant for iron metabolism in the mouse (Lou
et al., 2004). p value was determined by Student’s t test.saturation or serum iron levels (Table S2) or to hepatic iron load-
ing (98 ± 30 mg of iron per g of dry liver tissue in Aco1flox/flox,
Ireb2flox/flox, Villin::Cre mice, n = 16, versus 96 ± 28 in control
mice, n = 14; p = 0.91). Hepcidin expression is known to be sup-
pressed by enhanced erythropoiesis and upregulated by inflam-
mation (Nemeth and Ganz, 2006). Hence, hepcidin upregulation
in Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice could possibly be due
to decreased erythropoiesis or to inflammatory stimuli, as sug-
gested by the neutrophilia (Table S2).
Taken together, IRP-deficient IECs display decreased iron up-
take capacity (TFR1 and DMT1 downregulation) combined with
strongly increased iron sequestration (increased ferritin expres-
sion) and export (FPN upregulation) capacities. Although we
did not test the activity of iron-containing enzymes such as ribo-
nucleotide reductase, these changes are predicted to diminish
the labile iron pool of these cells and cause functional iron defi-
ciency; this might at least partially explain the mitochondriopathy
and the dysfunction of enterocytes that we observed. It is inter-
esting to note that the serum iron levels and transferrin saturation
in Aco1flox/flox, Ireb2flox/flox, Villin::Cre mice are normal at 2 weeks
of age (Table S2). In the context of unchanged liver iron stores
(see above), these findings suggest that, in addition to the peri-
natal iron pool, intestinal iron acquisition suffices to sustain nor-
mal systemic iron supplies in spite of diminished duodenal DMT1
levels (Figures S3A and S3B) and increased FPN expression.
These two forms of dysregulation may balance each other, and
additional iron transport pathways, e.g., the lactoferrin/lactofer-
rin receptor system, may contribute to the maintenance of nor-
mal systemic iron parameters (Suzuki et al., 2005), at least during
the first 2 weeks of life.
Since its discovery some 20 years ago, the function of the IRP/
IRE regulatory network has awaited direct in vivo assessment.
Our doubly IRP-deficient mouse model now shows that the
IRPs are essential for intestinal function and organismal survival
and that they coordinate the physiological expression of critical
target mRNAs in the duodenum.
EXPERIMENTAL PROCEDURES
Mice
The generation of Aco1flox/flox and Ireb2flox/flox mice has been described previ-
ously (Galy et al., 2005b). The two lines were crossed to generate Aco1flox/flox,
Ireb2flox/flox animals, which displayed no abnormalities. These were crossed
with a transgenic line expressing Cre recombinase under the control of the mu-
rine Villin promoter (B6SJL-Tg(Vil-Cre)997Gum, The Jackson Laboratory) to
obtain Aco1flox/flox, Ireb2flox/flox, Villin::Cre animals. Animals were maintained
under a constant light/dark cycle. Mice were sacrificed by CO2 inhalation,
and heparinized blood was collected by cardiac puncture. Tissues were flash
frozen into liquid nitrogen or fixed. Animal handling was performed in accor-
dance with the principles and guidelines of the EMBL.
Hematology, Iron Determination, and Plasma Chemistry
Blood profiles and hemoglobin content were determined using an ABC Vet ap-
paratus (ABX Diagnostics). Plasma iron and unbound iron binding capacity
(UIBC) were determined using Iron SFBC and Iron UIBC kits (Biolabo, Maizy,
France), respectively, together with the calibrators and standards recommen-
ded by the manufacturer. The assays were adapted to the 96-well plate format.
Plasma chemistry parameters were determined by the Mouse Clinic Institute
(Strasbourg, France) using an Olympus 400 analyzer. Liver nonheme iron con-
tent was determined as described previously (Galy et al., 2005a).
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Mice were genotyped by PCR using the A51/A52 and B37/B38 primer pairs
to discriminate the floxed Aco1 and Ireb2 alleles from their wild-type counter-
parts as described previously (Galy et al., 2005b). The Cre transgene was de-
tected using the Cre-5/Cre-6 primer pair (Table S3). Cre-mediated
recombination of the floxed alleles was analyzed by Southern blotting using
the following restriction enzymes and probes: Aco1, BamH1 and a PCR
probe generated with the Aco1-S/Aco1-R primers (Table S3); Ireb2, EcoR1
and a probe generated with the Ireb2-S/Ireb2-R primers (Table S3). Intact
Aco1flox/flox and Ireb2flox/flox alleles give rise to 3 and 4 kb fragments,
respectively. Truncated Aco1 and Ireb2 alleles give rise to 2 and 3 kb
fragments, respectively.
RNA Analyses
Total RNA was extracted as described previously (Galy et al., 2005a). Northern
blotting was performed following standard procedures using a b-actin probe to
assess equal loading. Signals were quantified using a Fujifilm FLA-2000 phos-
phorimager.
RNase protection analysis was performed using an RPA III kit (Ambion)
together with [32P]UTP-labeled RNA probes. The templates and probes for
assaying the TFR1, DMT1, IRP1, and IRP2 mRNAs have been described pre-
viously (Galy et al., 2005a, 2005b). For detection of ferritin H and L chain
mRNAs, templates were generated by PCR from murine cDNAs using the
primer pairs FtH-S/FtH-R and FtL-S/FtL-R, respectively (Table S3). PCR prod-
ucts were digested with EcoRI/BamHI (FtH) or EcoRI/EagI (FtL) and inserted
into pBluescript (Stratagene). The plasmids were linearized with EcoRI, and
in vitro transcription was performed using T7 RNA polymerase (Stratagene).
RNA samples were cohybridized with a b-actin probe from the RPA III kit.
Protected products were resolved on 5% denaturing acrylamide gels and
subjected to autoradiography using a Fujifilm FLA-2000 phosphorimager.
The sum of DMT1-IRE and -noIRE mRNA isoforms was calculated after correc-
tion for the UTP content of the corresponding protected probes. The sizes of the
full-length probes were as follows: TFR1, 490 nt; DMT1, 500 nt; FtH, 400 nt;
FtL, 332 nt; b-actin, 304 nt. The sizes of the protected fragments were as fol-
lows: TFR1, 371 nt; DMT1-IRE, 320 nt; DMT1-noIRE, 400 nt; FtH, 350 nt; FtL,
300 nt; b-actin, 245 nt.
For qPCR analysis of hepcidin 1 expression, 2 mg of total RNA was reverse
transcribed and used for quantitative real-time RT-PCR as described previ-
ously (Sanchez et al., 2007). For each sample, qPCR analysis was performed
in triplicate, and the average of the triplicate was used for later calculations.
The following primer pairs (Table S3) were used: hepcidin 1, Hamp1-S/
Hamp1-R; b-actin, Actb-S/Actb-R.
Protein Analyses
Protein extracts were prepared and subjected to western blot analysis using
antibodies against ferritin H and L subunits, TFR1, IRP1, IRP2, ferroportin,
and b-actin as described previously (Galy et al., 2005a, 2005b). DMT1 was
detected using an immunopurified rabbit polyclonal antibody raised against
a purified recombinant protein produced in E. coli and made of eight repeats
of amino acids 4–54 of mouse DMT1 fused to GST. The rabbit polyclonal
anti-ACO2 antibody was generously provided by S. Anderson and R. Eisen-
stein (University of Wisconsin-Madison). Western blot signals were quantified
as described previously (Galy et al., 2005a).
Microscopy Analyses
For light microscopy analyses, duodenal samples were fixed in formaldehyde.
For confocal microscopy analyses, specimens were embedded in Tissue-Tek
optimal cutting temperature (OCT) compound (Pelco International). Tissue
sections and immunodetection of DMT1 and ferroportin expression were per-
formed as described previously (Galy et al., 2005a). Images were acquired us-
ing a DMIRE2 confocal microscope and Leica confocal software from Leica
Microsystems. For hematoxylin and eosin, Ki67, and TUNEL staining, speci-
mens were embedded in paraffin. Ki67 and TUNEL staining were performed
as described previously (Porubsky et al., 2004; Bedke et al., 2007). Images
were acquired using QWin software and a DMRBE microscope from Leica
connected to a Sony DXC-950P 3CCD color camera. For electron microscopy
analyses, duodenal samples were fixed in Karnovsky’s solution and embed-
84 Cell Metabolism 7, 79–85, January 2008 ª2008 Elsevier Inc.ded in araldite. Ultrathin sections were viewed using a Zeiss 900 electron
microscope.
Statistical Analyses
Differences between mean values were evaluated using Student’s two-tailed
t test. p < 0.05 was considered significant.
Supplemental Data
Supplemental Data include three figures and three tables and can be found
with this article online at http://www.cellmetabolism.org/cgi/content/full/7/1/
79/DC1/.
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